Measurement of the Far Infrared Magneto-Conductivity Tensor 
of Superconducting YBa2Cu307^ Thin Films 



H.-T. S. Lihn, S. Wu, S. Kaplan, H. D. Drew 
Department of Physics, University of Maryland, College Park, MD 20740 

and 

Laboratory for Physical Sciences, College Park, MD 20740 

Qi LiB and D. B. Fenner 

Advanced Fuel Research, East Hartford, Connecticut 06138 
(February 1, 2008) 

Abstract 

We report measurements of the far infrared transmission of superconduct- 
ing YBa2Cu307_5 thin films from 5 cm^^ to 200 cm^^ in fields up to 
14T. A Kramers-Kronig analysis of the magneto-transmission spectrum 
yields the magneto-conductivity tensor. The result shows that the magneto- 
conductivity of YBa2Cu307_5 is dominated by three terms: a London term, 
a low frequency Lorentzian (wi ~ 3 cm^^) of width Fi = 10 cm^^ and a finite 
frequency Lorentzian of width F2 = 17 cm~^ at uj2 = 24 cm~^ in the hole 
cyclotron resonance active mode of circular polarization. 

PACS numbers : 74.25.Nf, 78.20.Ls, 74.60. Ge, 74.72.Bk 
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The electrodynamic response of type II superconductors in the mixed state is strongly 
affected by vortex dynamics as extensive dc transport and microwave (/iwave) frequency 
studies have shown for both conventional and high temperature superconductors For 
a pinned vortex lattice the results of the /xwave experiments can be described in terms of 
a conductivity function consisting of two terms: a London term reduced from its zero field 
strength and a zero frequency oscillator with a width characterized by the "depinning fre- 
quency" ujd = 1^1 Tj where k is the pinning force constant and 7] is the viscosity That 
this oscillator occurs at zero frequency has been attributed to the massless dynamics of the 
vortices. On the other hand a far richer phenomenology may be anticipated for the electrody- 
namics of the vortex system. The possibilities include: a pinning resonance associated with 
the inertial motion of the vortex in its pinning field Q , resonant excitation of quasiparticles 
to the quantized levels in the vortex core and, in the clean limit, the collective cyclotron 
resonance of the electron system . Moreover, quite generally, the response of an electron 
system in the presence of a magnetic field is expected to be chiral, so that a^y {uj, H) ^ 
p. Although these effects have not been observed at fiwscve frequencies, they have been 
reported from recent experiments in high Tc films at far infrared (FIR) frequencies [|7|, p!0| , p!T| . 
These experiments were compared with a clean limit theory of vortex dynamics that predicts 
that these three resonances are hybridized leading to two finite frequency chiral resonances 
|[TT| . However, this theory does not predict the zero frequency resonance observed at /iwave 
frequencies. The earlier FIR experiments were limited to > 25 cm^^ so that they did not 
observe the zero frequency oscillator nor did they completely resolve the pinning resonance 



T^ . Therefore there is a gap in our understanding of the electrodynamics of the vortex 



system that coincides with the frequency gap in the measurements between the /xwave and 
FIR. 

In this letter we present the magneto-transmission spectrum of YBa2Cu307_5 (YBCO) 
films over the frequency range from 5.26 cm^^ to 200 cm^^ by using the combination of broad 
band Fourier Transform Spectroscopy (FTS) and a FIR laser source. These measurements 
cover the entire range of frequencies relevant to the vortex system and provide a reconciliation 
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of the yuwave and FIR phenomenologies. A Kramers- Kronig transformation (KKT) technique 
T3| is used to obtain the real and imaginary parts of the magneto-conductivity tensor as 



a function of frequency. The results show that the electrodynamic response of the pinned 
vortex system is dominated by two major Lorentzian oscillators in addition to a London 
term. These results, together with evidence for the weaker vortex core resonances reported 
recently |jlO|, suggest a vortex response that combines the features of both the massless vortex 
model of Gittleman-Rosenblum (G-R) and the clean limit model of Hsu which includes the 
vortex core structure and inertia 

The samples are YBCO thin films grown by pulsed laser deposition on silicon substrates 
with yittria stabilized zirconia buffer layers and cap layers. The film thickness is typically 
d = 400A and typical critical temperatures are = 89±1 K measured by ac susceptibility. 
Their growth and characterization is described in detail elsewhere [p!0| , p!4[ . The broadband 
transmission of the films was measured from 30 cm~^ to 200 cm~^, using FTS with a 2.2 K 
bolometer detector. Magnetic fields up to 14T were applied perpendicular to the a-b plane 
of the YBCO thin films. The incident FIR radiation was elliptically polarized by a polarizer 
comprised of a metal grid linear polarizer and a x-cut quartz waveplate. The elliptically 
polarized transmission data was unfolded, using a calibration of the polarizer efficiency, to 
give the circularly polarized response, T^{uj,H). For the low frequency measurements we 
use a CO2 pumped FIR laser which has useful discrete FIR lines from 5.26 cm~^ to 96 cm~^. 
A more detailed description of the experiment and data manipulation are given elsewhere 
||7| JTT|Jl^ . Leakage of radiation around or through the sample is a potential problem at 
low frequencies where the transmission of the film is small (as low as 0.02% at 5 cm~^). 



Leakage was eliminated by the use of Ecosorb and graphite to absorb stray light |T5[ . The 
nearly quadratic T{uj, 0) observed down to our lowest frequencies attests to the low levels of 
radiation leakage in these experiments. 

The experiments measured both the absolute transmission at zero field T(ti;,0) and the 
transmission ratio T^{uj, H)/T{uj, 0). The transmission ratio measurement is more accurate 
than the absolute transmission measurement since the sample is undisturbed, which makes 



4 



it possible to measure the change induced by vortex dynamics precisely. The transmission 
coefficient T^{uo,H) = 1^^(10,11)^ where the transmission amplitude t^{uo,H) is related to 
the conductivity by 

t^{uj, H) = {ns^ + 1) /(Z^da^{u, H) + ngi + l) (1) 



in which Zq is the impedance of free space, nsi is the refractive index of the silicon substrate 
(nearly constant and real) and cr^(c(j, H) is the conductivity in the two circular polarization 
modes. In order to eliminate multiple reflection effects in the substrate, we either averaged 
the spectrum with a resolution (4 cm^^) lower than the spacing of the interference fringes 
(1 cm~^) in the broadband measurement or use an anti-reflection coating on the back side 



of the substrate in the laser experiment [15 



Fig.^l shows \t^{uj, H) /t{(jj,Q)\ as a function of frequency u at H=9T and 4 K. |t(ci;,0)| 
at 4 K is also shown in the inset. The response \t~^{H)/t{0)\ in the electron cyclotron 
resonance active polarization (eCP) mode is plotted for positive frequencies and the hole 
active polarization (hCP) response \t^{H)/t{0)\ is plotted for negative frequencies. This 
representation will be explained below (See Eq.(^.). The transmission ratios show a sharp 
rise for \uj\ < 30 cm^^ corresponding to a peak centered between ±5 cm^^. This low 
frequency feature is asymmetrical around u = 0, i.e., {H)/t{0)\ > \t^{H)/t{0)\. Its field 
dependence is slightly super linear. At high frequencies (|u;| > 30 cm~^) the transmission 
ratio approaches unity in both modes such that \t'^{H)/t{0)\ > 1 and \t~{H)/t{0)\ < 1, with 
a minimum at -40 cm~^. This high frequency chiral response is found to scale linearly with 
magnetic field for H < 14T <^ Hc2 [|10| ^^nd has been interpreted in terms of the tail of a 



free hole-like cyclotron resonance response [0]. 

The overall shape of the transmission ratio spectrum in Fig.|I] is simple which suggests 
that the underlying physics of vortex electrodynamics may be very simple and elegant. 
Therefore it is interesting to convert the transmission data into the conductivity function 
which is more useful for gaining insight into the phenomena. We do this by means of 
a Kramers-Kronig transformation technique. The most convenient quantity related to the 
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transmission experiment that satisfies the KKT conditions is \n{t{uj)) = In \t{uj) \ + i a.Tg[t{uj)] 
in which arg[t(co')] is the phase of the complex amphtude t{uj). 

In the zero field case, arg[t(u;, 0)] can be obtained through KKT by properly choosing 
an extrapolation function tf.xt{oj) for \t{uj, 0)|, which preserves time reversal symmetry (even 
function in uj) and has correct asymptotic behavior at u; ^ (text(i^) oc uj) and oo {text{'^) — »• 
1). t{uj^Q) can then be converted into a{ijj,Q) since Zq, and nsi are known. Detailed 
analyses show that the film consists of /^o = 0.61 of superfiuid condensate with the London 
penetration depth Aq = 1850A |16|. Re[a{ijj,Q)] is shown in Fig.|^. 

When a magnetic field is applied to the system, time reversal symmetry is broken and it 
is then necessary to determine the proper response function for both positive and negative 
frequencies. In this case, the two circularly polarized modes are the canonical modes. We 
can extend the response function g^ioj, H) to the negative frequency range by 

+ {uj m = \ ' ^^^^ ^ ^ ° (2) 

^ ' ~ \g-{-u,Hy, when uj <{] {h.GV) ^' 

where H) are the physical quantities measured for positive frequencies in two circularly 
polarized modes. The KKT then is extended to the magnetic field case, 

t(a;,0) ^ TT 7-00 u-u' ^ ' 

By combining this with the zero field data from which t{uj, 0) is extracted, we can obtain 
a^{uj, H) (— oo < uj < oo) and therefore a^iu, H) {0 < u < oo). 

Fig.0 shows the magneto-conductivity Re[a^{uj,H)] obtained by KKT on the transmis- 
sion curves in Fig.|l] with a In /t~\ oc extrapolation scheme for \uj\ < 5 cm~^, which 
will be described later in this letter. Apart from the residual metallic background which is 
present in Re[a{uj, 0)] [|T6[, the conductivity function evolves from its zero field London form 

2 

fsoi/uj) into a form with a reduced London component and several finite frequency 
absorption bands. The resulting conductivity can be well represented as a finite sum of 
Lorentzian oscillators aH{^-,H) = ne'^/m Y^iii ft /(^(^ — ^i) + Tj) where fi represents the 
strength of the zth oscillator. Indeed, we found that two finite width oscillators (M = 2) in 
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addition to a reduced strength London term {uq=0, ro=0) is sufficient to describe the main 
features induced by vortex dynamics. The best fit with M = 2 in cr//(c(j, H) is shown as the 
dotted hne in Fig.^. The first oscillator is at low frequency {uji =3.15 cm~^, in eCP mode) 
with /i=0.14 (23% of fso) and a width Fi =10 cm~^ |T^ which is similar to the form of 
the G-R model 0]. The second oscillator is centered at 002 = -24 cm~^ (in the hCP mode) 
with /2= 0.11 (18% of fso) and a width F2 =17 cm~^, which produces the optical activity 
observed at higher frequencies [|l^. The remaining oscillator strength gives /o = 0.36 (59% 
of fso) since /q + /i + /a = fso- 

A sum rule on t(co') follows from the superfluidity of the condensed state. For pinned 
type II superconductors the superfluid condensate response causes the low frequency con- 
ductivity to be dominated by the London screening, a{uj ^ 0) ~ i/u + tt6{uj). Therefore 
t^{0, H)/t{0, 0) is the ratio of the strength of two delta functions which is a real number (for 
H < Hc2)- The left hand side of Eq.(^ is zero (when u 0) which leads to the relation 

/ \n t+{uj',H)/t-{uj',H) ^ = 0. (4) 
Jo U) 

This sum rule provides a strong constraint on the magneto-transmission data which is use- 
ful for setting the extrapolations in the KKT analysis. It also allows inferences to be made 
on the electrodynamics of the vortex system outside the measurement range. Fig.|^ shows 
|t"^(ci;, H)/t~{uj, H) \ as a function of In (tu) and the integral weight of Eq.(^ in the various re- 
gions. Assuming that free electron behavior eventually dominates the free carrier response at 
sufficiently high frequencies, then In /t~\ /uo ^ uj^Juj'^t which indicates a strongly conver- 
gent (super convergent) sum rule. Indeed, extrapolation of the broadband data by a simple 
cyclotron resonance model suggests that the frequency range beyond 190 cm~^ contributes 
only about 10% to the integral. 

As shown in Fig.^, we have confirmed the observation of a sign reversal of the optical 
activity (T+/T^ — 1) in YBCO films (the same batch of samples as in this letter.) at about 
30 cm^^, reported by Choi et al. [^,0. Remarkably, this feature is a natural consequence 
of Eq. (I) since the weight given by the hybridized hole cyclotron resonance Hj7|JTl[] at higher 
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frequencies has to be balanced by an electron-like Hall effect at lower frequencies. 

Even though several different extrapolation schemes with reasonable physical assump- 
tions in the unmeasured regions < 5.26 cm~^ and |ci;| > 200 cm~^) give similar results 
and preserves the two oscillator picture of the conductivity, the use of Eq. (|^) helps to refine 
the analysis. A simple cubic spline interpolation between ±5.26 cm^^ gives In /t^\ ~ uj, 
which results in ~30% excess weight in the low frequency region compared to the high fre- 
quency region (double dotted dash line in Fig.||). (Note that in Eq.(||) dramatically 
increases the weight of the low frequency optical activity.) There are two possible resolu- 
tions of this discrepancy. The first possibility is that there are other (electron-like) chiral 
resonances in addition to the simple cyclotron resonance tail above 200 cm~^ which balances 
the low frequency weight. Simulations show that an additional 7% mid-IR chiral resonance 
at ~500 cm^^ will allow the sum rule to be satisfied. However, this resonance would cause 
the optical activity to change sign twice below 500 cm~^ and there has been no evidence for 
this in our measurements up to 200 cm~^ |Tl| , p!2| . The second possibility is that ln|t+/t~| 
decreases faster than uj at low frequencies (below 5 cm^^). By choosing an uj^ extrapolation 
for In \t~^ /t~\ (which is an odd function of uj) we found that the sum rule can be satisfied 
(dashed line below 5 cm^^). It turns out that the two-Lorentzian model mentioned above 
with a slightly electron-like low frequency oscillator satisfies the second criteria and is used as 
the extrapolation function for |ci;| < 5.26 cm~^ in Fig.[5 (dotted line). This self-consistency 
further convinces us that the two-Lorentzian model properly represents the main response 
of the system. 

We also note that the FIR data can be used to infer information about the low frequency 
response of the system. In /t^ \ /u oc Re[(Txy] at low frequencies where Zoda ^ nsi + 1, 
o'xx ^ l/iuj and cx^y ^ cTxx- Therefore ln|t+/t^| oc u implies that the low frequency limit 
of Re\ axy] is a finite constant and pxy oc lu . However if the second possibility holds true, 
an dependence of In /t^\ would imply Re[axy] oc (dotted line in Fig. ^(b)) so that 
Pxy would go to zero as cu^, corresponding to a very strong suppression of the Hall effect. 
Therefore /xwave studies of the Hall effect in type II superconductor may prove interesting. 
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Fig.|(a) shows Im[(Txx{uj, H)]/Im[a{u!, 0)] which describes the modification of the screen- 
ing in the apphed field. This ratio approaches 0.55 as u; — * 0. In terms of the G-R model 

13 ^l!nHo,oV = '^/('^+ iSj"^) ^^^^^ g^^*^^ K ^ 5.3 X 10^ N/m2. This value of k is consis- 
tent with diverse /xwave measurements on films and single crystals P JT7| . [T8[1 , suggesting an 
intrinsic origin for k. 

There are other smaller structures (> 50 cm^^) in the conductivity that correspond to 
only a few percent (or less) of the total oscillator strength. Many of these features are 
reproducible, scale in amplitude with H and are found to correlate with the density of 45° 
misaligned grains in this sample. They have been discussed elsewhere in terms of vortex core 
excitations |]10|- Also we note that (T+/T~ — 1) at low frequencies (7 ~ 15 cm^^) decreases 
linearly with temperature and changes its sign at ~20 K. This behavior is consistent with 
cyclotron resonance of thermally excited quasiparticles as has been reported by Spielman et 
al. 0]. This observation shows that the low temperature optical activity is dominated by 
vortex dynamics. 

The nonzero center frequency of the low frequency oscillator is a consequence of the 
low frequency extrapolation as determined from the super convergent sum rule. Within the 
G-R type models it imphes a Magnus force, ne {vs — Pvl) x 0o where P ~ —0.08 |TP|. The 
negative f3 is consistent with observation of a reversal of dc Hall effect in the flux flow regime 
20| , |2l|| . No evidence for optical activity has been reported in the low temperature vortex 



response at yuwave frequencies. This may be related to the strong suppression of the Hall 
resistance discussed above. In the G-R model optical activity requires a Magnus force, but 
the zero vortex mass keeps the resonance at low frequency. Hsu's model contains a Magnus 
force, core excitations and, implicitly, a vortex mass and it produces two flnite frequency 
chiral resonances. In the absence of pinning the Hsu model predicts that the core resonance is 
silent and the response of the superconductor is simple cyclotron resonance as expected from 
Kohn's theorem p[. Pinning hybridizes the cyclotron resonance and vortex core resonance 
with the pinning resonance. The result is a strong hybridized pinning resonance at a negative 
frequency, which gives optical activity and a weak hybridized vortex core resonance at a 
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positive frequency. 

The observed response is seen to contain the features of both theories, but is inconsistent 
with either one alone. It appears that there is a massless response of the vortices that gives 
rise to the low frequency oscillator in addition to a finite vortex mass response that gives 
rise to the pinning resonance and the weak vortex core resonance in the eCP mode ||10|,|TT|. 
These observations suggest a model in which the vortex is considered as a composite object. 
The observed responses can then arise from the massless response of the vortex currents 
outside the core and the inertial response of the core. The observed universal value of k 
then is a natural consequence of this model due to the pinning of the vortex current pattern 
to the vortex core. A paper describing this model will be presented elsewhere |jl9l . 
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FIGURES 

FIG. 1. The transmission amplitude ratio f^^^ (to, H)/t{uj,0) as a function of frequency uj for 
a YBCO thin film at H=9T and 4 K for the circularly polarized light. The solid curve represents 
the FTS data from 30 cm^^ to 200 cm^^ and the triangular points represent the data from the 
FIR laser lines. The region between 125~140 cm~^ corresponds to a quartz phonon and the half 
waveplate condition of the polarizer. The dotted line is the In |t+/t~| ~ uj'^ extrapolation described 
in text. Inset : Zero field transmission amplitude |t(Li;,0)| vs. frequency uj at 4°K (the solid line). 
The dotted line is the extrapolation function texti,^)- 

FIG. 2. The magneto-conductivity Re[(T'^ {uj , H)] obtained from the Kramers-Kronig analysis. 
The change induced by the magnetic field can be described as the sum (dotted line) of a low 
frequency oscillator of width Fi = 10 cm^^ at uji = +3.15 cm~^ (single dotted dash line) and an 
oscillator of width F2 = 17 cm~^ at uj2 = -24 cm^^ (double dotted dash line). The small dotted 
line is Re[a{uj, 0)]. 

FIG. 3. \t'^{uj^H)/t~{u),H)\ is plotted as a function of In (a;). The spectral weights of different 
frequency regions to the sum rule of Eq.(^) are indicated. The dashed line between laser data 
points is a guide for the eye. The double dotted dash line is the simple cubic spline extrapolation 
which behaves as In ~ uj below 5 cm~'^. The dashed line is an extrapolation for In 

which satisfies the sum rule. 

FIG. 4. The magneto-conductivity shown in the Cartesian coordinates, axx and axy Dotted 
lines are the two-Lorentzian model fits described in Fig.§. (a) Im[axx{'^^ H)]/ Im[a{uj, 0)] represents 
the reduction of screening in the applied field, (b) Re[axy{uJ,H)] and (c) Im[axy{uJ,H)] show a 
resonance at 24 cm~^. 
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